Introduction
Critical joining requires 100% full penetration. To meet this requirement, the back-side width of the weld pool can be measured, controlled, and maintained at a desired level or at least above a minimal value. However, a direct measurement of the back-side width typically needs a back-side sensor, which is impossible or at least not convenient to install on the welding torch. To be convenient, the sensor should be "front-side" so that it can be attached to and carried by the welding torch. In addition, the sensor should also be durable in harsh welding environment and its installation should have little or no effect on the torch's accessibility. Preferably, the sensor should be application independent or nearly application independent so that the resultant control system can be used in different applications without extensive application specific studies. This paper aims at the development of such a sensing/control system for critical joining.
The major difficulty in obtaining a suitable penetration sensor arises from the invisibility of the back-side of the weld pool from the front ͑torch͒ side. The majority of the research in penetration sensing has been focused on finding a way to estimate the backside width of the weld pool using signals, which can be measured from the front-side. Existing methods include pool oscillation ͓1,2͔, which uses the pool oscillation frequency to detect the penetration mode ͑partial or full penetration͒, ultrasonic sensor ͓3,4͔, which detects the weld pool depth based on received ultrasonic signals, infrared sensor ͓5,6͔, which measures front surface's temperature distribution to estimate the weld pool depth, weld pool shape ͓7,8͔, which utilizes the front side's weld pool shape to estimate the back-side width of the weld pool, and weld sag ͓9͔, which estimates the back-side width of the weld pool based on the depression of the weld. While all these methods are promising and deserve further attention, they all require application specific studies before they can be applied. In addition, most of those methods ͑except for pool oscillation͒ use sensors that do not appear durable enough for the harsh welding environment or do place significant effect on the torch's accessibility.
Skilled operators can judge the weld penetration based on their observation of the weld pool surface. If the three-dimensional surface of the weld pool or its depth is available, the weld penetration may be controlled by controlling the weld pool surface or its depth at a desired shape or value. A vision based method has been developed to monitor the three-dimensional weld pool surface at the University of Kentucky ͓10͔, but for welding application a less complex yet effective method is desired. It is well accepted in the welding community that the arc voltage is proportional to the arc length. Arc voltage can thus be measured to determine the arc length for arc length control, seam tracking, etc. However, this measurement is not suitable for weld pool surface depth measurement where high precision is critical. This is because the trajectories of the electrons in the arc gap are curving and are subject to the minimum voltage principle and the effect of the geometrical shape of the electrodes ͑thus the shape of the weld pool surface͒ ͑Fig. 1͑a͒͒. The measurement of the depth of the weld pool surface requires measurement of straight distance with an ideal arc behavior shown in Fig. 1͑b͒ , i.e., the arc behavior is not subject to the effect of the weld pool surface shape.
The simplicity and durability of the arc voltage sensor inspired the authors to explore a similar sensor, which behaves ideally like that in Fig. 1͑b͒ to measure the weld pool surface. As stated above, the trajectories of the electrons in welding arcs, i.e., transferred arcs established between the two electrodes, are subject to the minimum voltage principle and the effect of the geometrical shape of the weld pool surface. However, a nontransferred plasma arc can behave ideally like that in Fig. 1͑b͒ and not be subject to the effect of the geometry of the weld pool surface ͑since the weld pool is no longer one of the two arc terminals͒ and can maintain a straight trajectory. Hence, in a recent study ͓11͔, the system shown in Fig. 2 has been proposed. In this integrated sensing/welding system, the main welding current ͑MWC͒ is temporarily cut off by the IGBT ͑isolated gate bipolar transistor͒ module and a relatively weak pilot arc is established between the tungsten electrode and the orifice during this period. The pilot arc's plasma is blown out of the orifice by the orifice gas to form a plasma jet connecting the orifice to the weld pool surface. This plasma jet, as a nontransferred arc in relation to the gap between the orifice and the weld pool surface, is not subject to the effect of the geometry of the weld pool surface and can be used to measure the straight distance l as shown in ͓11͔ from the orifice to the weld pool surface as:
where A and B are two constants, V a is the nontransferred arc voltage. Thus, given that the torch standoff distance L remains constant, the weld pool depth d is solely depicted by the measured arc voltage V a as:
However, d would not be accurately measured if the torch standoff distance L varies. Since L does change both during welding and from application to application, a signal that can reflect the online variation of L and is relatively stable is demanded as a reference so that the original arc voltage V a can be compared with it. The resultant relative signal will be less sensitive to the variations in manufacturing conditions that cause L to vary and are more accurate as a measurement of the weld pool surface. This paper is organized as below. Section 2 describes a method to measure the bottom surface of the work-piece as a reference for keyhole welding. In Section 3, an approach is proposed to measure the top surface of the work-piece as a reference to detect the depth of a weld pool surface in melt-in welding. Their applications are described in Section 4 and conclusions are drawn in Section 5.
Keyhole Reference
The plasma jet can pierce the weld pool to form a cavity. When the whole thickness of the work-piece is melted, the weld pool can be pierced by the plasma jet to form a small cavity, referred to as the keyhole, through the whole thickness of the work-piece and the plasma jet may reach the bottom of the work-piece. Using the bottom surface of the work-piece as a reference, the distance from the bottom surface of the weld pool can be measured to determine if the keyhole has been established through the work-piece. The robustness of the nontransferred plasma sensor in a keyhole welding application can thus be improved by using a stable keyhole as reference, as shown in Fig. 3͑a͒ , so that the nontransferred plasma charge voltage is determined by l 0 , which is the distance from the orifice to the bottom surface of the workpiece. This voltage is used as the reference V a 0 . In Fig. 3͑b͒ , the nontransferred plasma charge voltage V a is determined by l, the distance from the orifice to the weld pool surface. The distance from the bottom of the weld pool surface to the bottom surface of the work-piece is thus
where ⌬V a = V a − V a 0 is referred to as the relative arc voltage. Since V a 0 V a only varies in a small range in comparison with ⌬V a , ⌬l is considered proportional to ⌬V a for simplicity. Because the reference is taken online and it reflects the in-process variation of the variables that affect sensor accuracy, ⌬V a is more accurate and more tolerant of the process turbulences than using V a directly.
To establish a stable keyhole, sufficient energy must be supplied to the workpiece, either by increasing the MWC or reducing the travel speed. Because the surface profile is strongly affected by the plasma arc pressure, which is proportional to the square of the current, it would be simpler to maintain the pressure or the current constant. Hence, it is proposed that the travel speed of the torch is reduced to establish the stable reference keyhole whenever it is needed. Because the typical welding speed in nonconsumable electrode welding such as gas tungsten arc welding ͑GTAW͒ and PAW is around 2 mm/ s, a travel speed much lower than 2 mm/ s can be used to guarantee the quick establishment of a stable reference keyhole. Further, because the MWC will be maintained constant, its level must be appropriately selected so that the desired weld pool surface can be obtained when the travel speed is adjusted around 2 mm/ s.
Another issue is how to judge whether a stable reference keyhole has been established. After the travel speed is reduced to increase the heat input, the weld pool enlarges and deepens so that a keyhole can eventually be established provided that the travel speed is sufficiently low. Denote the distance from the orifice to the bottom surface of the work-piece as l max . If a keyhole with a diameter of the plasma jet is established so that l = l max , the sensor signal V a will reach its minimum V a min because V a = A / ͑l + B͒ implies that V a decreases when l increases. It is apparent that
Because A and dl / dt are both positive, dV a / dt is negative ͑i.e., V a decreases͒ during the reference keyhole establishment period. In addition, B = constantϾ 0, A / ͑l + B͒ 2 decreases as l increases. Now consider the period after the keyhole has been established through the thickness of the work-piece. In the beginning of this period, the diameter of the keyhole has not reached its maximum yet and may still increase so that the sensor signal still decreases. This is because the effective l may be smaller than the distance measured from the bottom surface of the work-piece to the orifice. If the diameter of the keyhole has reached its maximum, i.e., the diameter of the plasma jet, d / dt will be zero and the effective l will reach its maximum so that dl / dt = 0. Otherwise, will increase until either reaching the maximum so that d / dt = 0 and dl / dt = 0 or until d / dt becomes very slow so that dl / dt, the increase rate of the effective l, becomes very small. In both cases, it is considered a stable keyhole has been established. Hence, after a stable keyhole is established, dl / dt is either zero or very small. As a result, the absolute value of dV a / dt =−͓A / ͑l + B͒ 2 ͔͑dl / dt͒ becomes zero or very small. This characteristic can be used to judge if a stable reference keyhole has been established. That is, once the sensor signal V a stops decreasing or starts to decrease slowly ͑for example at a speed 0.05 V / s or lower͒, it can be concluded that a stable reference keyhole has been established. Figure 4͑a͒ shows a possible scheme for keyhole process sensing and control. In this scheme, the MWC is set at a predetermined level ͑70 A in Fig. 4͑a͒͒ . The duration of the main welding current on period ͑CONP͒ can be adjusted. The interest is to assure that the keyhole is appropriately established as measured by ⌬V a = V a − V a 0 by the end of the CONP. To this end, V a should be measured right after the MWC is switched to zero. Practically, to assure that the MWC has been completely switched off when measurement is made, a very small delay ͑for example, 10 ms͒ is necessary after the MWC switch-off command is executed as shown in Fig. 4͑a͒ . The control algorithm will then calculate the CONP for the next cycle based on the feedback ⌬V a just obtained. After a certain preset period of the main welding current off period ͑COFFP͒, the MWC is switched on to start the next cycle ͑Fig. 4͑a͒͒ and remains constant for the period calculated by the control algorithm.
Because the travel speed needs to be slowed down to establish the reference keyhole, it is also convenient that the travel speed be adjusted to achieve the desired ⌬V a . This possible control scheme is shown in Fig. 4͑b͒ .
Shallow Surface Reference
Arc welding applications can be divided into two modes: keyhole and melt-in welding. In the melt-in mode, the weld pool surface is not supposed to be severely deformed. Because the weld pool surface is not deep, a flat weld pool surface would be an ideal reference to measure the depth of the weld pool surface. For the butt joint, the top surface of the work-piece can be used as the reference surface to measure the reference distance l 0 ͑Fig. 5͑a͒͒. The depth of the weld pool surface ͑d͒ can be obtained through l − l 0 :
where V a 0 is the sensor signal measured from the reference surface ͑Fig. 5͑a͒͒ associated with l 0 and V a is the sensor signal measured from a deformed weld pool surface ͑Fig. 5͑b͒͒ associated with l. Similarly, as V a 0 V a only varies in a small range in comparison with ⌬V a , the weld pool depth d is considered to be proportional to ⌬V a .
It can be seen that the key is to establish the reference surface and obtain V a 0 . To use the proposed sensor, the MWC must be periodically switched between on and off because the measurement can only be accurately made when the MWC is off. When the MWC is off, the welding arc pressure becomes zero. The weld pool is still subject to the nontransferred plasma jet's pressure, but this pressure is insignificant. As a result, the weld pool surface will oscillate, but the oscillation will decay so that the weld pool surface reaches a relatively steady state if the COFFP is long enough. Because of the presence of the nontransferred plasma arc, this weld pool surface is not completely flat. However, it is only slightly deformed and can be used as the reference surface shown in Fig. 5͑a͒ .
To obtain the reference surface and V a 0 , the sensor signal is monitored after the MWC is switched off. Theoretically, after the sensor signal becomes constant, the constant sensor signal can be measured as V a 0 . In this study, the sensor signal is averaged in each 5 ms period as the measurement in the period. If the average in a period is not 0.01 V higher than that in the previous period, this average is used as V a 0 . Let us discuss the measurement of l for measuring d. After the MWC is switched off, the weld pool surface will oscillate and l will decrease first. V a should be measured before l changes. However, this is not possible because the proposed sensor can only measure accurately without the presence of the MWC. To obtain V a as accurately as possible, the measurement is made right after the switch-off of the MWC is confirmed. We noticed that this is different from the measurement of the keyhole where a small delay is used after the MWC is switched off. In fact, the keyhole's diameter is in millimeters and takes time to reduce significantly. Hence, it is affordable to introduce a small delay for keyhole measurement after the MWC switch-off command is executed. However, for the weld pool surface in melt-in welding, its depth is typically smaller than 0.5 mm and the measurement should be done without unnecessary delay. Because the main welding arc affects the measurement electrically and the weld pool oscillates mechanically, it is possible that the measurement can be made without a delay command before the weld pool surface changes significantly, but the effect of the MWC is completely eliminated.
To apply the shallow surface reference technique for melt-in application, the MWC is kept constant during the welding period or the main welding current on period. Because the sensor signal needs at least 100 ms to become relatively steady or the stable shallow reference surface needs at least 100 ms to be established after the main arc is off, the measurement period or COFFP is set at 200 ms to assure a stable shallow reference weld pool is established. In the beginning of the measurement period, V a is measured. Then the sensor signal is averaged in each 5 ms period until the average is not 0.01 V higher than that in the previous period. The measurement of V a 0 is thus obtained and ⌬V a becomes available. The control algorithm then uses ⌬V a as feedback to compute how the heat input ͑either the duration of the next CONP or the travel speed͒ should be adjusted to maintain ⌬V a at the desired level.
It can be seen that for melt-in application, the shallow reference weld pool surface can be established by manipulating the current
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Transactions of the ASME electrically without interference with the welding process. Hence, for melt-in application, the reference is measured at each cycle and the nontransfer plasma charge sensor is not only adaptive but the adaptation can be relatively quick.
Control Experiments
In order to test the effectiveness of the proposed adaptive nontransferred arc sensor, two groups of experiments, bead-on-plate keyhole plasma arc welding and all-position plasma pipe welding, have been conducted. The IGBT used to switch off the current is rated 300 A at 600 V. A regular plasma arc welding torch is used to provide both the main welding ͑transferred͒ arc and the pilot ͑nontransferred͒ arc. The torch is attached to a manipulator. A host computer controls the on/off state of the IGBT and the travel speed of the manipulator. Pure argon is used as the orifice gas and shielding gas with 2.3 and 11.5 L / min flow rate, respectively.
Keyhole Welding.
All keyhole welding experiments are done on stainless steel ͑type 304͒ plates with dimension 300 ϫ 50ϫ 3.3 mm 3 . Table 1 lists all other constant welding parameters used in the keyhole welding experiments. The scheme used to sense and control the keyhole state is shown in Fig. 4͑b͒ . That is, the travel speed is adjusted to control ⌬V a = V a − V a 0 and the MWC during the CONP maintains at a predetermined constant level.
Because the travel speed is typically around 2 mm/ s, 1.25 mm/ s travel speed is used to establish the initial reference keyhole or 1.5 mm/ s whenever a reference keyhole needs to be established during welding. The constant MWC is predetermined as 60 A. It is found that this MWC can always establish the initial reference keyhole, at 1.25 mm/ s travel speed, in 4 s. During welding, the reference keyhole can be established with 1.5 mm/ s travel in the first second after the reference establishment process starts. For simplification, the average of the sensor outputs during the fifth and the sixth second is taken as the initial reference.
References may also be taken during welding, for possible drift of the standoff distance, by averaging sensor output in the second second after the reference establishment process starts.
In the control experiments, the MWC is kept constant and the travel speed v is adjusted to control the surface of the keyhole weld pool, measured by ⌬V a with an adaptive reference V a 0 , at a desired level. Thus, from a control point of view, the keyhole plasma arc welding process can be modeled as a single input single output ͑SISO͒ system whose input is u = v and whose output is y = ⌬V a .
Step experiments show that the system can be modeled by the following transfer function
with a static gain K = 0.74 V / ͑mm/ s͒, time constant T = 3 s, and dead-time L =1 s. The method proposed by Wang and Cluett ͓12͔ is used to design a PID controller. This method allows the designer to specify desired control signal trajectories and can thus help meet the performance requirements. The resultant PID controller takes the form: 
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which follows the conventional definition and gives desired regulation performance. In this study, the designed continuous PID controller is not discretized but used as it is. To implement this continuous PID controller, the sampled output is held until next measurement is made. Figures 6͑a͒ and 6͑b͒ show the output and input in tracking the 0.3 V setpoint. The resultant front-and back-sides of the weld are shown in Figs. 6͑c͒ and 6͑d͒, respectively. As can be seen, during the initialization period, i.e., in the first 5 s, the travel speed is maintained at 1.25 mm/ s. During this period, the MWC is maintained at 60 A. A deep and stable reference keyhole ͑weld pool͒ is established by the end of the period. From t =5 s to t = 6 s, the MWC is off and the sensor signal is sampled and averaged. This average is used as the reference and the output from t =5 s to t = 6 s is thus zero. At t = 6 s, the MWC is switched on for the predetermined CONP, which is 90 ms, and the travel speed is changed from 1.25 mm/ s to the travel speed calculated by the PID controller. After the CONP, the MWC is switched off 10 ms for measurement and PID calculation before the MWC is switched on and the travel speed is changed again.
As can be seen in Fig. 6͑a͒ , the setpoint is positive ͑0.3 V͒. This implies that the desired surface of the keyhole weld pool is shallower than the reference one. ͑This can be interpreted as that the keyhole diameter of the desired weld pool is smaller than that of the reference keyhole.͒ When the control begins at t = 6 s, the controller recognizes the difference between 0 and 0.3 V and thus increases the travel speed to reduce the heat input in order to reach the setpoint or the desired keyhole weld pool surface depth. As a result, the output reaches the setpoint gradually. Figures 6͑c͒ and  6͑d͒ show that both the front-and back-side widths of the weld converge quickly from the initial reference and that the welds are smooth.
In the proposed control scheme, the welding current remains constant. In the experiment shown in Fig. 7 , a perturbation in the welding current is applied to test the system's robustness. Specifically, the welding current is maintained at 60 A during the first 14 s and is then changed to and maintained at 70 A. The setpoint is again 0.3 V. As can be seen, the higher welding current increases the heat input and arc pressure and thus makes the weld pool deeper or the output smaller after the current is changed ͑Fig. 7͑a͒͒. Hence, the controller increases the travel speed to neutralize the effect of this disturbance ͑Fig. 7͑b͒͒. In particular, Fig. 7͑b͒ shows that the system takes approximately 7 s, i.e., from t =14 s to t = 21 s, to bring the output back to the desired level. As can be seen in Figs. 7͑c͒ and 7͑d͒ , the weld widths on both the front-and back-sides remain constant and the effect of the current change has been effectively minimized.
In the experiments shown in Figs. 6 and 7, only an initial reference keyhole is established. However, if the standoff distance may change, the reference keyhole will have to be reestablished periodically to improve the reference accuracy. Because the reference keyhole is established by reducing the travel speed for a few seconds, the normal welding process is disturbed and large penetration is produced periodically. Although such a large penetration should be acceptable in most applications, it is desirable that the reference keyhole be established less frequently in order to minimize the interference with the normal welding process. In the experiment shown in Fig. 8 , the work-piece was machined off a 1 mm thick layer midway and the standoff distance thus increases 1 mm correspondingly. As can be seen in Fig. 8͑a͒ , after the initialization, the system takes approximately 4 s, from t =6 s to t = 9.5 s, to approach the desired state. Then the weld pool remains at the desired depth until t = 11 s when the travel speed is artificially reduced to establish a reference. Because the welding achieves normal penetration, the process requires less increase in the heat input and less time to establish a reference than during the initial period. As can be seen in Fig. 8͑b͒ , the system reduces the travel speed to 1.5 mm/ s ͑instead of 1.25 mm/ s͒ for 1 s ͑instead of 6 s͒ to establish the reference. After the reference is established and measured, the PID controller resumes control of the travel speed at t = 12 s and the desired depth of the weld pool is approached again before t = 15 s. As can be seen in Fig. 8͑b͒ , the depth of the weld pool as measured by y = ⌬V a remains at the desired level until the travel speed is artificially reduced again to establish the reference at t =16 s.
Figures 8͑a͒ and 8͑b͒ clearly demonstrate that, although the repeated establishment of the reference keyhole may generate interference with the normal welding process, the process can return to the normal state ͑setpoint͒ relatively quickly. The designed PID controller thus appears to be capable of working in an environment where standoff distance may vary and the reference must be updated. In addition, because the heat input and time needed to establish the reference are both much reduced compared to those for the initial reference, the interference of reference updating with the welding process appears minimal and should be acceptable in many applications. Figures 8͑c͒ and 8͑d͒ clearly show that the welds made with the reference updating are acceptable.
Melt-in Welding.
Among different welding applications, all-position pipe welding probably demands the skills from manual operators most. This is because the welding position varies along the circumference and the optimal welding parameters vary with the welding position. Figure 9 illustrates along the circumference the change of gravity and arc pressure in relation to the weld pool. If the same welding parameters are used at these different positions, the weld pool profiles would be very different. Hence, the welding parameters must change with the welding position. To this end, an adaptive control algorithm, referred to as adaptive interval model control algorithm ͓13͔, is adopted because of the continuous change of the process model. The sensor uses the top surface as the reference because of the need for continued establishment of the reference and unavoidable interference of travel speed reduction. The schematic of the pipe welding system is shown in Fig. 10 . The plasma arc welding torch is attached to a weld head, which can move on the orbital rail along the circumference of the pipe at a speed controlled by a microcontroller. The pipes to be welded, with inner diameter 152 mm, wall thickness 3.6 mm, and length 100 mm, are stainless steel ͑type 304͒. The orbital traveling speed of the welding torch is set at 4 mm/ s. For this type of pipe welding, the measurement period ͑or COFFP͒ and MWC's amperage are set at 200 ms and 160 A, respectively. Both bead-on-plate and butt-joint experiments are conducted. Table 2 shows the experimental parameters.
Because the MWC's COFFP and amperage are fixed, the MWC's CONP, denoted as T p , is adjusted to control the depth of the weld pool surface as measured by ⌬V a at a desired level. Hence, the system's output is y = ⌬V a and its input is u = T p . The process to be controlled can thus be considered as a single-input single-output discrete-time system and can be reasonably modeled as:
where H f ͑z͒ is a low-pass filter with the form:
and H p ͑z͒ is the process model and takes the form:
and ␤ = 0.2b 1 and ␣ 1 = 0.8. The process can be considered an "interval model" in that the parameters b 1 and ␣ 2 are not exactly known but bounded by intervals ͑min b 1 ,max b 1 ͒ and ͑min ␣ 2 ,max ␣ 2 ͒. This is because the parameters are determined by the welding conditions and the welding conditions may vary in certain ranges. For a given set of welding conditions in the ranges, one may obtain a set of model parameters but another set of welding conditions in the ranges would result in a different set of model parameters. An interval model control algorithm uses the feedback and the intervals of model parameters to calculate the control actions without the knowledge of the actual model parameters as long as they are within the intervals. However, the control performance is determined by the intervals, and large intervals may result in undesirable control performance. To achieve a good control performance, the intervals should be as small as possible as long as they can bound all the model parameters for the given ranges of welding conditions. For all-position pipe welding, the model parameters keep changing. To bound all the model parameters around the circumference, the ͑global͒ intervals must be very large. Hence, the authors propose to use online identified intervals that change with the position of the torch rather than to use the large global intervals. The resultant control algorithm is referred to as adaptive interval model control. In Ref. ͓13͔ , an adaptive interval model control algorithm has been developed ͓13͔ that identifies the parameters on-line and determines the intervals by M previous sets of identified parameters. This study uses this algorithm for pipe welding application with ͑min ␣ 1 = 0.8, max ␣ 1 = 0.8͒ and on-line identified ͑min b 1 ,max b 1 ͒ and ͑min ␣ 2 ,max ␣ 2 ͒ as the intervals.
The down-hand method is used for welding the pipe, i.e., the welding torch generates the welding arc and travels from point A ͑Fig. 9͒ to point C through point B for the first half movement. Then it starts again from point A to point C through point D to complete the circle. For simplicity, only one path is recorded. The first 20 cycles are used for initializing, during which the system's input is randomly chosen in the range of ͓200 ms, 400 ms͔; the system's input and output are fed into the online identifier and the resultant interval model is obtained. Thereafter, the system's input T p is computed by the interval model control algorithm and the model parameters are updated with the new input-output pair.
Bead-on-plate experiments are first conducted. Figures  11͑a͒-11͑e͒ , respectively, show the experimental output, input, online identified ␣ 2 and b 1 , and the welded pipe. As can be seen in Fig. 11͑b͒ , after the controller starts to function at cycle 20, the input keeps increasing, except for a very brief period from cycle 60 to 75, until cycle 100, which is approximately corresponds to point B. ͑Note the average of the input T p after cycle 100 is greater than that before cycle 100. The duration of each cycle is T p + 200 ms. Hence, the actual time before and after cycle 100 appears approximately the same.͒ This is because from A to B, the gravity's effect gradually changes from helping penetrate deeper to helping the molten metal to flow ahead of the torch. Although both actions would help establish the keyhole, the effect of the former is probably more effective than the latter. As a result, the heat input has to increase to establish the keyhole by increasing T p ͑the average current in a cycle is 70͓T p / ͑T p + 200͔͒A, which increases as T p increases.͒ Around point B and during a short period after point B, the heat input needed to establish the keyhole does not change significantly and the system input T p thus does not change significantly. When the torch further travels toward point C, the heat input needed gradually reduces, possibly due to the change of the buoyancy, which can be significant during welding ͓14͔.
Butt-joint experiments are also conducted using the same welding mechanism, and similar results are obtained. Figures  12͑a͒-12͑c͒ , respectively, show the experimental output, input, online identified ␣ 2 and b 1 , and the welded pipe.
Conclusions
• The nontransferred plasma charge sensor requires no additional attachment to the torch and does not affect the torch's accessibility, which is crucial in determining the practicality of welding control systems.
• Using the bottom surface and top surface as reference improved the robustness and application independency of the nontransferred plasma charge sensor.
• Two sets of control experiments, namely keyhole welding and all-position pipe welding, verified that the proposed adaptive sensing/control methods are capable of obtaining accurate process feedback and producing quality welds.
